I. INTRODUCTION
Elemental platinum is used as a pressure marker in highpressure x-ray diffraction experiments 1-4 with diamond anvil cells ͑DACs͒ because of the stability of the ambient pressure face-centered-cubic phase to high pressures, high scattering power for x rays, chemical inertness, and well established equation of state. [5] [6] [7] [8] [9] Furthermore, its ability to absorb infrared radiation makes it a good absorber in the laser-heated experiments. In addition to a reliable pressure standard, the acquisition of high-precision diffraction data requires hydrostatic pressure condition in sample chamber. The use of helium pressure transmitting medium can provide nearhydrostatic pressures to ϳ60 GPa. At higher pressures, the stiffening of the pressure transmitting medium and the sample ͑marker͒ bridging the anvils are the factors that lead to nonhydrostatic pressures. The pressures in the range of a few hundred gigapascals are inevitably nonhydrostatic. The nonhydrostatic compression effects cause the pressurevolume relation to deviate from the correct one [10] [11] [12] [13] [14] [15] and the compressive strengths of both the sample and pressure marker determine the magnitude of the deviation. In this respect, the strength of Pt as a function of pressure is an important parameter. The strength of Pt has been reported earlier to 24 GPa. 16 It is important to extend the upper pressure limit of measurement, since Pt is used as a marker to much higher pressures. The Pt samples used as pressure markers are often in the form of fine powder. Following the trend seen in earlier studies, [17] [18] [19] the high-pressure strength of Pt is expected to depend on the grain size. In this article, we report the strength of polycrystalline Pt samples of two different grain sizes. The coarse-grained Pt has been studied to 330 GPa and nanocrystalline Pt to 70 GPa.
The solid sample, when compressed between the anvils of a DAC, flows radially and equilibrium is reached when the frictional forces between the sample-anvil interfaces balance the forces causing the flow. It is convenient to consider the equilibrium stress state in the sample as a superposition of two types of stresses, macrostresses and microstresses. 20 The macrostresses represent average stresses in a direction that cuts across large number of crystallites in the sample. These stresses produce strains that cause the diffraction lines to shift. We consider the stress state at the center of sample. As the macrostresses are axially symmetric about the load axis of the DAC that passes through the center of the sample, the stress state is completely described by three principal stresses, 3 along the symmetry axis and two equal stresses 1 in the plane parallel to the anvil face. The difference ͑ 3 − 1 ͒ equals the yield strength at a pressure ͑2 1 + 3 ͒ / 3. 21 The equations based on the lattice strain theory [11] [12] [13] [22] [23] [24] [25] have been used to analyze the high-pressure x-ray diffraction patterns from polycrystalline samples and information on the mechanical properties such as yield strength [14] [15] [16] [26] [27] [28] [29] [30] [31] [32] and elasticity [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] has been obtained. The a͒ Author to whom correspondence should be addressed. Electronic mail: aksingh@css.nal.res.in.
microstresses vary randomly in direction and magnitude in each crystallite 46 and produce microstrains that cause the diffraction lines to broaden. The product of linewidth due to microstrains and Young's modulus is also a measure of the compressive yield strength of the sample material. [17] [18] [19] [47] [48] [49] 
II. EXPERIMENTAL DETAILS
The coarse-grained sample of platinum ͑c-Pt-A, 99.99% purity͒ and the nanocrystalline sample of platinum ͑n-Pt, 99.9% purity͒ were obtained from Goodfellow Corporation, Pennsylvania, USA and Sigma-Aldrich Co., Missouri, USA, respectively. The average grain sizes of the samples, as determined from the linewidth analysis of high-resolution diffractometer patterns, were 300͑20͒ and 20͑3͒ nm for c-Pt and n-Pt, respectively. The experiments with c-Pt-A carried out at HPCAT used DAC with flat anvil faces ͑300 m͒. Stainless steel gaskets ͑90 m central holes͒ were used to contain the sample. No pressure transmitting medium was used as the objective was to maximize the nonhydrostatic stresses in the sample. The pressure was increased in steps of ϳ5 GPa, and the diffraction patterns were recorded on an image plate at each pressure using primary x-ray beam of 0.036 81 nm wavelength, collimated to a cross section of 10ϫ 10 m 2 full width at half maximum ͑FWHM͒. The first five or six diffraction lines could be recorded ͑Fig. 1͒. The maximum pressure reached was 64 GPa. The diffraction experiments on n-Pt were carried out using a DAC with c-BN seats for the diamond anvils. This design of the DAC permitted full diffraction rings to be recorded. The dimensions of the anvil faces and the gaskets were same as those in the experiments with c-Pt-A samples. The maximum pressure reached in the experiments with n-Pt samples was 70 GPa. Typical patterns are shown in Fig. 1 . The experiments carried out at SPring8, Hyogo, Japan, used beveled anvils with flat faces of 30 m diameter. The platinum samples ͑c-Pt-B, grain size of ϳ300 nm͒ in the form of foil were contained in Re gaskets and the x-ray beam diameter was 10 m. Since several sets of data were gathered over a period of time, the available wavelengths at the time of experiments were 0.041 229, 0.032 976, and 0.032 751 5 nm. The diffraction patterns recorded in a typical experiment are shown in Fig. 2 . The highest pressure reached in these experiments was 330 GPa. Further details of the experiments with beveled anvils can be found in the earlier publications.
3,4 The pressures in all the runs were determined using the measured volume compression of Pt in the equation of state proposed by Holmes et al. 6 The four-parameter pseudo-Voigt function with a linear background term ͑a total of six adjustable parameters͒ was fitted to the intensity-2 data of each diffraction peak, and the width ͑FWHM͒ and peak position were determined.
III. METHOD OF DATA ANALYSIS

A. Linewidth analysis
The width of a powder diffraction line ͑hkl͒ is related to the grain size and microstrain by 46, 50 
This form applies to the angle-dispersive powder diffraction data. The terms hkl , 2w hkl , , ͗͘, and D denote, respectively, the diffraction ͑Bragg͒ angle, FWHM on 2 hkl scale, wavelength of x rays, average microstrain in the crystallites, and the grain size. A detailed discussion on the use of Eq. ͑1͒ in the width analysis of the high-pressure diffraction patterns can be found in earlier studies. [17] [18] [19] 49 The analysis of the diffraction linewidths recorded in the energy dispersive mode can be found elsewhere. 15, 47, 48, 51 The ͑2w hkl cos hkl ͒ 2 versus sin 2 hkl plot is a straight line. The grain size D and ͗͘ can be determined from the intercept and slope of the line, respectively. The compressive strength is given by
Here, Y ͑w͒ denotes the compressive strength determined from the linewidth analysis and E is Young's modulus of the polycrystalline aggregate at high pressure. Knowing the pressure-dependent bulk modulus K and shear modulus G of the aggregate, E can be computed from the relation
B. Line-shift analysis
The lattice parameter a m ͑hkl͒ for the cubic system measured under nonhydrostatic stress condition with conventional geometry wherein the primary x-ray beam passes parallel to load axis of the DAC is given by 11, 13, 31 
Here, a P is the lattice parameter at a hydrostatic pressure ͑2 1 + 3 ͒ / 3, S ij are the single-crystal elastic compliances, and t = ͑ 3 − 1 ͒ = Y ͑s͒ is the compressive strength determined from the line-shift analysis. The parameter ␣ describes the true stress state across the boundaries separating the crystallites in a polycrystalline aggregate. The values ␣ = 0 and ␣ = 1 denote the conditions of strain and stress continuities across the crystallite boundaries, respectively. To a good approximation, the a m ͑hkl͒ versus 3͑1 − 3 sin 2 ͒⌫͑hkl͒ plot ͑gamma plot͒ is a straight line with M 0 and M 1 as the intercept and slope, respectively. Equation ͑6͒ can be used to determine Y ͑s͒. The S ij required in Eq. ͑6͒ are at high pressure. These are derived from the singlecrystal elastic moduli C ij at high pressure, which can be obtained using the Birch extrapolation formulation, 52 C ij = C ij ͑0͒x
͑7͒
The symbol ͑0͒ denotes the quantity at zero ͑ambient͒ pressure. The prime indicates the first pressure derivative and x = V͑0͒ / V, where V is the unit cell volume under pressure.
The ambient pressure single-crystal moduli and their pressure derivatives are often available from the ultrasonicvelocity measurements. Equation ͑7͒ is also valid for the aggregate elastic moduli K and G that are required to compute E from Eq. ͑3͒. It may be noted that the ultrasonic technique gives the adiabatic C ij , whereas the isothermal elastic moduli are relevant to the static pressure measurements. The isothermal K is derived by dividing the adiabatic K by a term ͑1+␣ V ␥T͒, where ␣ V , ␥, and T are the coefficient of volume expansion, Gruneissen gamma, and temperature in Kelvin, respectively. The quantities G and S are invariant under adiabatic to isothermal conversion. The explicit knowledge of S ij and ␣ is required only when attempt is made to determine t from the diffraction data obtained with the conventional geometry. As discussed in earlier studies, [12] [13] [14] [15] [16] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] only the shear modulus of the aggregate as function of pressures is required to determine t if the radial diffraction data covering the range 0 ഛ ഛ / 2 are available. Here, denotes the angle between the load axis of the DAC and the diffraction vector. Equation ͑4͒ is valid for both angle and an energy dispersive mode of diffraction-data recording, so long as the primary beam passes parallel to the load axis ͑conventional geometry͒. In the case of energy dispersive mode, hkl = 0 , a constant, for all reflections. A slightly modified form of Eq. ͑4͒ was used to estimate the compressive strength of Au as a function of pressure from the energy dispersive diffraction data on Au-Zr mixture compressed in a DAC. 53 It can be easily shown from Eq. ͑4͒ that the hydrostatic component of volume compression x P is related to the measured volume compression x m by
The symbol ͗͘ indicates the average value derived from the observed reflections. It is readily seen that x P Ͼ x m . Thus the pressure computed using the compression x P is greater than that using x m . For a given material, the magnitude of the correction factor ␤ depends on the number of reflections used to compute ͗a m ͑hkl͒͘. For solids with a positive S, ␤ for the reflections of the type ͑h00͒ is larger than that for the reflections of the type ͑hhh͒.
The earlier studies on MgO, 17 Fe, 18 and Au ͑Ref. 19͒ and W ͑Ref. 15͒ show that the strengths derived from the lineshift and linewidth analyses are equal within the experimental error suggesting the following empirical relation:
Here, Y denotes the yield strength under pressure. Assuming the validity of the equality given by Eq. ͑9͒, Eqs. ͑2͒ and ͑6͒ give
C. Elasticity data
The elastic moduli of Pt from various sources are listed in Table I . The single-crystal elastic moduli measured by ultrasonic technique by MacFarlane et al., 54 Collard and McLellan, 55 and the data on C 44 ͑0͒ and C 44 Ј ͑0͒ from the measurements by Biswas et al. 56 are compared in Table I . The first-principles calculations of the single-crystal elastic moduli as a function of pressure to 650 GPa have been carried out recently using density functional theory. 9 The Birch extrapolation formula given by Eq. ͑7͒ fits the computed C ij − x data very well. The C ij ͑0͒ and C ij Ј͑0͒ obtained from these fits with standard errors are also listed in Table I . The maximum spread in the elastic moduli from different sources is ϳ5%. Though the magnitude of such differences appears small, these introduce large differences in the values of S͑0͒. For example, the S-values derived from the data MacFarlane et al. 54 and Collard and McLellan 55 differ by 45%. The S͑0͒-value from the C ij ͑0͒ from the first-principles calculations 9 agrees well with that obtained from the data of MacFarlane et al. 54 Though the C 44 ͑0͒-values from the firstprinciples calculations 9 and the measurements by Biswas et al. 56 agree well, the C 44 Ј ͑0͒-values differ significantly. The measured G͑0͒ of the polycrystalline aggrgate 57 is in reasonable agreement with those computed under Voigt-Reuss-Hill scheme 58 from the C ij ͑0͒ data of MacFarlane et al. 53 and of Menéndez-Proupin and Singh. 9 However, the measured GЈ͑0͒ ͑Ref. 57͒ is significantly larger than that obtained from the first-principles calculations. 9 No measurements of C 11 Ј ͑0͒ and C 12 Ј ͑0͒ are available in the literature. The isothermal bulk modulus K͑0͒ from direct volume-compression measurements by Bridgman 59 is in good agreement with those from other measurements and first-principles calculations. The values of K͑0͒ = 289 GPa and KЈ͑0͒ = 5.94 are obtained by fitting Eq. ͑7͒ to the computed 9 ͑C 11 +2C 12 ͒ / 3 versus x data. The corresponding K-P data are marked K I in Fig. 3 . A set of values, K͑0͒ = 281 GPa and KЈ͑0͒ = 5.61, is obtained by fitting Vinet equation of state 60 to the pressure-volume data obtained from the first-principles calculations. 9 An expression for K in terms of x was derived by differentiating the Vinet equation with respect to x. The K-x data were computed from this equation using K͑0͒ = 281 GPa and KЈ͑0͒ = 5.61, and converted to K-P data. This set is close to the K I -set and not shown in Fig. 3 for clarity. The K-P data TABLE I. The single-crystal elastic moduli ͑isothermal, except those marked adiabatic͒ and pressure derivative of Pt at ambient pressure from different sources and the derived aggregate properties. Moduli in GPa and S in ͑GPa͒ −1 . derived from the equation of state suggested by Holmes et al. 6 are marked K II in Fig. 3 . The difference between K I and K II is ϳ8% in the low pressure region and decreases to ϳ2% at 350 GPa. The K I -P data are used in Eq. ͑3͒ to compute E-P data. Two sets of G-x data were computed from Eq. ͑7͒ using G͑0͒ and GЈ͑0͒ obtained from the first-principles calculations 9 and those from the experiments, 57 and the corresponding G-P data are marked G I and G II , respectively, in Fig. 3 . The difference between G I and G II is ϳ4% at zero pressure and increases to ϳ16% at 350 GPa. Similar magnitude of difference is seen in E I -P and E II -P data computed with G I -P and G II -P, respectively. We use E II -P data for analyzing the linewidths. The parameter S derived from the first-principles calculations 9 decreases smoothly from 0.0038 GPa −1 at zero pressure to 0.0016 GPa −1 at 350 GPa.
IV. RESULTS AND DISCUSSION
A. Grain size and strength from linewidths
The ͑2w hkl cos hkl ͒ 2 versus sin 2 hkl plots were constructed for each pressure run using the measured linewidths. A few such plots are shown in Fig. 4 . The standard errors in the intercepts obtained from these plots were much larger than the estimated intercepts for the grain sizes of order of 300 nm. The correction for the instrumental broadening 18, 19 resulted in negative intercepts in many cases. The grain sizes computed in the remaining cases exhibited large spread. Because of this reason, the pressure dependence of grain size of c-Pt could not be determined. The grain size of n-Pt sample could be determined with greater certainty because of the small grain sizes that resulted in large intercepts. Figure 5 shows that grain size decreases on initial loading and then increases and becomes nearly pressure independent at higher pressures. The decreasing pressure data show clearly a steady increase of grain size from 14͑3͒ nm at 70 GPa to 20͑3͒ nm at zero pressure. This is reminiscent of the reversible grain-size reduction under pressure observed in an earlier study on n-Au. 19 The reversibility indicates that the grains in n-Pt samples do not comminute under pressure. The reduction, however, is too large to be explained on the basis of pure compressibility effect. We are unable to offer any satisfactory explanation for the reversible grain-size reduction under pressure.
The 
͑11͒
Here, P is pressure in gigapascals. The tensile strength of Pt at ambient pressure is reported to be in the range of 0.124-0.165 GPa for the samples annealed at 700°C and 0.207-0.241 GPa for the cold worked samples. 61 Since the samples compressed in the DAC undergo plastic deformation ͑cold working͒, the zero pressure strength derived in the present measurement is within the range of strengths obtained on cold worked samples in standard tensile tests. The strength of n-Pt is much larger than that of c-Pt ͑Fig. 6͒. The strength increases from 3.0͑1͒ to 8.0͑3͒ GPa as the pressure increases from 0 to 70 GPa. These results confirm the findings of earlier high-pressure studies 17, 19 that the smaller grain-size sample exhibits higher strength. The grain-size dependence of strength at ambient pressure is well known. [62] [63] [64] The strength data of Pt derived from the radial x-ray diffraction by Kavner and Duffy 16 are also shown in Fig. 6 . Though not designed to study the grain-size effect on strength, Kavner and Duffy 16 used Pt samples in two different forms, powder of stated grain size of ϳ1 m and Pt foil of unspecified grain size. The strength for such large grained samples should be close to the present data on c-Pt. As expected, the strengths at pressures below 3 GPa reported by Kavner and Duffy 16 lie close to the present data for c-Pt. However, the strength increases steeply with increasing pressure and, in the 15-22 GPa pressure range, becomes comparable to the strength of n-Pt obtained in the present study. Without the information on the actual grain sizes, the strength data obtained by Kavner and Duffy 16 cannot be critically compared with the present results. It may be noted that the material suppliers often state the particle size of the powder samples. It is important to distinguish the particle size from the grain size, as a particle generally is an agglomerate of several crystallites. The grain size of the sample should be measured by electron microscopy or diffraction linewidth analysis while comparing the strength data on different samples.
B. Strength from line shifts
The gamma plots for n-Pt data show the straight-line trend predicted by Eq. ͑4͒ with small scatter. Typical gamma plots are shown in Fig. 7 . The estimation of t requires the knowledge of ␣, which under high pressure is expected to lie between 0.5 and 1. In the early studies, 26,29 ␣ = 1 was used to derive the lower bound of strength. While extracting elastic constants of Au from diffraction data under nonhydrostatic compression, it was noticed that high-pressure C 44 -values were in better agreement with the extrapolated values using ultrasonic elasticity data if ␣ = 0.5 was assumed.
14 In earlier studies, 19, 45 the strength estimated using Eq. ͑2͒ agreed well with that obtained from Eq. ͑6͒ with ␣ = 0.5. Even in the present case, Eq. ͑6͒ with ␣ = 0.5 gives Y ͑s͒-values that are in good agreement with the corresponding Y ͑w͒-values obtained from Eq. ͑2͒. We derive ␣ using Eq. ͑9͒ to get the best match between Y ͑s͒ and Y ͑w͒, and also to examine the pressure dependence of ␣. The ␣-P data ͓Fig. 8͔ show large scatter about an average value of 0.6͑1͒. A feeble straightline trend is seen with 0.002͑1͒ and 0.53͑3͒ as the slope and intercept, respectively. Considering the facts that S is extremely sensitive to the errors in C ij and Eq. ͑9͒ represents only an empirical relation, the slope of the straight line seen in the ␣-P plot is physically not significant. The t-values obtained with ␣ = 0.6 are shown in Fig. 6 . The strength of n-Pt from combined Y ͑w͒ and Y ͑s͒ versus pressure data is given by the relation
The straight-line fits to gamma plots with data on c-Pt-A and c-Pt-B samples gave very low R 2 -values in most cases. In the case of c-Pt-A, only two runs gave R 2 = 0.9 and resulted in good values of t. Many runs showed the expected negative slope of the line, but because of poor linear correlation the standard errors in t were inordinately large. Equation ͑5b͒ suggests that the slope of the gamma plot for a given material depends on the magnitude of ␣St. It is seen from Fig. 9 that the value of ␣St for c-Pt at any pressure is much smaller than that for n-Pt. The limit of smallest ␣St that can be measured from the slope of the gamma plot essentially depends on the precision of the measurement of d-spacings. The results suggest that the values of ␣St for c-Pt shown in Fig. 9 ined. Since S = 0 in this case, the slope of the gamma plot vanishes and Eq. ͑6͒ cannot be used to estimate strength. This limitation applies only to the analysis of the line-shift data taken with the conventional geometry of the DAC. The radial diffraction data have no such limitation. A more detailed discussion of this aspect can be found elsewhere. 20 The Young's modulus and anisotropy parameter S derived from the single-crystal elasticity data have been used in the present analysis. The use of such data for n-Pt implies the assumption that the single-crystal elastic moduli do not change on reducing the crystallite size of Pt to ϳ20 nm. A number of studies support this assumption. The measurements of Young's modulus on low-porosity compacts of nanocrystalline Cu and Pd showed only a small decrease from the value for coarse-grained samples. 64 This decrease was attributed to the presence of residual porosity in the samples. The high-pressure x-ray diffraction measurements and the first-principles calculations on nanocrystalline nickel showed no significant difference between the bulk moduli of nanosized and large grained nickel. 65 The experiments on iron samples of 10 nm grain size yielded bulk modulus close to that of large grained samples. 66 In a more recent x-ray diffraction study under hydrostatic pressure, the measured bulk modulus of SiC of 30 nm grain size was in agreement with that of large-grained sample. 67 The first-principles atomistic calculations of the elastic properties of metallic facecentered-cubic nanocrystals show that the material length scale for elasticity is small. 68 Estimates using this analysis suggest that the size effect on elasticity for Pt becomes important only at grain sizes below ϳ5 nm. These results justify the use of single-crystal elasticity data for the analysis of diffraction patterns of n-Pt in this study.
C. Pressure correction
A set of x m -values was chosen in 0 -330 GPa pressure range. The corresponding x P values were calculated using the relation given by Eq. ͑8a͒. The required values of t at different pressures were computed from Eqs. ͑11͒ and ͑12͒ for c-Pt and n-Pt, respectively, and a value of 0.6 was taken for ␣. The differences ⌬P between the pressures computed using x P and x m are shown in Fig. 10 . Since S is positive for Pt, the ⌬P versus P plots for the reflections ͑111͒ and ͑200͒ represent the lower and upper bounds, respectively. For c-Pt, ⌬P increases from 0 to 15 GPa for ͑111͒ and from 0 to 26 GPa for ͑200͒ as the pressure increases from 0 to 330 GPa. For n-Pt, ⌬P increases from 0 to 16 GPa for ͑111͒ and from 0 to 27 GPa for ͑200͒ as pressure increases from 0 to 70 GPa. If the linear increase of strength of n-Pt given by Eq. ͑12͒ is assumed to be valid to higher pressures then the values of ⌬P at 330 GPa for ͑111͒ and ͑200͒ are 60 and 110 GPa, respectively. The value of ⌬P computed using ͗x m ͘ with any number of reflections lies in the hatched region.
V. CONCLUSIONS
The strength of coarse-grained platinum is found to increase linearly from 0.2 GPa at zero pressure to 10 GPa at a pressure of 330 GPa. The strength of nanocrystalline platinum sample ͑20 nm grain size͒ is much higher than that of coarse-grained sample. It increases linearly from 3 to 8 GPa as the pressure is increased from 0 to 70 GPa and extrapolates to 28 GPa at 330 GPa. The pressures computed from the x-ray measured volume compressions under nonhydrostatic compression are underestimated. In case the coarsegrained platinum is used a pressure marker, the pressure correction is zero at zero pressure and at 330 GPa it increases to a value that lies between 15 and 26 GPa depending on the reflections used to compute the average volume compression. The pressure correction is nearly fourfold larger if platinum of 20 nm grain size is used as pressure marker. Often platinum powder of unspecified grain size is used as a pressure marker. The grain-size dependence of strength and resulting effect on the pressure correction should be kept in mind while using platinum as a pressure standard in x-ray diffraction experiments. 
